Currently available HIV-1 protease inhibitors are potent agents in the therapy of HIV-1 infection. However, limited oral absorption and variable tissue distribution, both of which are largely unexplained, complicate their use. We tested the hypothesis that P-glycoprotein is an important transporter for these agents. We studied the vectorial transport characteristics of indinavir, nelfinavir, and saquinavir in vitro using the model P-glycoprotein expressing cell lines L-MDR1 and Caco-2 cells, and in vivo after intravenous and oral administration of these agents to mice with a disrupted mdr1a gene. All three compounds were found to be transported by P-glycoprotein in vitro. After oral administration, plasma concentrations were elevated 2-5-fold in mdr1a (-/-) mice and with intravenous administration, brain concentrations were elevated 7-36-fold. These data demonstrate that P-glycoprotein limits the oral bioavailability and penetration of these agents into the brain. This raises the possibility that higher HIV-1 protease inhibitor concentrations may be obtained by targeted pharmacologic inhibition of P-glycoprotein transport activity.
Introduction
The development of inhibitors of HIV-1 protease has been a major advance in the clinical management of HIV-1 infection, and their use has resulted in dramatic reductions in viral load in the plasma and many tissues of infected patients (1, 2) . However, currently available drugs have a number of limitations, related in many instances to poor and/or variable transport across important biological membranes (3) . For example, oral absorption is often low and variable and drug penetration into the brain is poor, a potential therapeutic limitation with respect to the neurologic manifestations of late-stage HIV-1 infection. The factor(s) responsible for these characteristics is not well understood.
P-glycoprotein is an ATP-dependent, efflux membrane transporter with broad substrate specificity for a number of structurally diverse drugs (4, 5) . It is distributed in normal tissues, particularly epithelial cells of importance in drug disposition such as the gastrointestinal tract, the liver, and the kidney (4) . Apical expression of P-glycoprotein in such tissues results in reduced drug absorption (gastrointestinal tract), and enhanced elimination into the bile (liver) and urine (kidney) (4) . In addition, the expression of P-glycoprotein at the level of the blood brain barrier (6, 7) has been shown to be a critical factor in preventing the entry of some drugs into the central nervous system (8) (9) (10) . Accordingly, it was hypothesized that the limited membrane permeability of HIV-1 protease inhibitors could be explained if they were substrates of P-glycoprotein and that the tissue expression of this transporter may be a determinant of whether therapeutic drug levels are attained.
Methods
Transport in cultured LLC-PK1, L-MDR1, and Caco-2 cells. LLC-PK1 and L-MDR1 cells were grown under identical conditions to those described by Schinkel et al. (9) . Caco-2 cells were grown with DMEM (high glucose) supplemented with 10% FBS, 2 mM L -glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 1% nonessential amino acids (GIBCO BRL, Gaithersburg, MD), and incubated at 37 Њ C in 5% CO 2 . LLC-PK1 and L-MDR1 cells were plated at a density of 4 ϫ 10 5 cells/12-mm well on porous (3.0 m) polycarbonate membrane filters (Transwell™; Costar Corp., Cambridge, MA), while the Caco-2 cells were plated at a density of 10 5 cells/12-mm well on 0.4-m polycarbonate membrane filters (Transwell™). Cells were supplemented with fresh media every 2 d and used in the transport studies on the fourth day after plating. Transepithelial resistance was measured in each well using a Millicell ohmmeter (model ERS; Millipore Corp., Bedford, MA); wells registering a resistance of 200 ⍀ or greater, after correcting for the resistance obtained in control blank wells, were used in the transport experiments.
About 1-2 h before the start of the transport experiments, the medium in each compartment was replaced with Optimem (GIBCO BRL), a serum-free medium. Then, the transport of indinavir, nelfinavir, and saquinavir was measured after replacing the medium in each compartment with 700 l Optimem (GIBCO BRL) serum free medium with and without [ 14 C]-radiolabeled drug (5 M). Radioactivity appearing in the opposite compartment after 1, 2, 3, and 4 h was measured in 25-l aliquots taken from each compartment, after the addition of 5 ml of ScintiVerse BD scintillation fluid (Fisher Scientific Co., Fairlawn, NJ). Inhibition of transport was determined in a similar manner after the addition of quinidine (5 M) or PSC-833 (1 M) to both the apical and basal compartments, before the addition of radiolabeled drug.
Immunoblot analysis of P-glycoprotein expression. The LLC-PK1, L-MDR1, and Caco-2 cellular P-glycoprotein content was assessed by immunoblot analysis of plasma membrane enriched cell preparations as described previously (11) . Briefly, 10 ml of lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 1 mM MgCl 2 , 1 g/ml leupeptin, 1 g/ ml pepstatin A, 50 g/ml phenylmethylsulfonyl fluoride) was added to the cells. These were disrupted with a tightly fitting Dounce homogenizer. Cellular and nuclear debris were removed by centrifugation at 400 g for 10 min and the pellet was discarded. The supernatant was centrifuged at 30,000 g for 30 min and the pellet containing the membrane vesicles was resuspended in 200 l of lysis buffer. Protein content of the extracted membrane vesicles was determined using Coomassie assay reagent (Pierce Chemical Co., Rockford, IL). Subsequently, Western blots for the immunodetection of P-glycoprotein were obtained using 10 g of extracted membrane proteins which Figure 1 . Immunoblot analysis of P-glycoprotein expression in plasma membrane enriched vesicles derived from L-MDR1, LLC-PK1, and Caco-2 cells. Membrane vesicle preparation (10 g) was added to each lane, and after incubation with the primary antibody (C219) and appropriate washes, the blot was exposed to a standard Kodak X-omat AR film for 15 s. and LLC-PK1 cell culture monolayers. Labeled drug was added to either the basal or apical compartment, and at the indicated time points, samples were obtained from both the apical and basal compartments. Appearance of radioactivity in the opposite compartment was measured and represented as the fraction (shown in percent) of total radioactivity added at the beginning of the experiment. Translocation from basal to apical compartments, (filled triangles) solid line; translocation from apical to basal compartments, (filled squares) dotted line. Data are meanϮstandard error from three or more experiments.
were resolved using 12% SDS-PAGE. After the transfer of the proteins to a nitrocellulose membrane, the membrane was placed in blocking buffer (100 mM NaCl, 20 mM KH 2 PO 4 , 80 mM K 2 HPO 4 , 0.1% Tween 20, 10% dry milk) for 2 h. Then the blot was incubated for 2 h with the mAb C219 (Signet Laboratories Inc., Dedham, MA) (2 g/ml in 100 mM NaCl, 20 mM KH 2 PO 4 , 80 mM KH 2 PO 4 , 0.1% Tween 20). After washing for 5 min, the membrane was incubated with anti-mouse IgG horseradish peroxidase conjugate (1:3,000) for 1 h. After four additional washes (5 min per wash), the proteins were visualized using the enhanced chemiluminescence detection system (Amersham Corp., Arlington Heights, IL).
Determination of tissue distribution in mdr1a ( ϩ / ϩ ) and ( Ϫ / Ϫ ) mice. Male mdr1a ( Ϫ / Ϫ ) mice, (FVB/TacfBR-[KO]mdr1aN7), 6-12 wk of age and genetically matched male mdr1a ( ϩ / ϩ ) mice (FVB/ NTtacfBR) were obtained from Taconic Farms, Inc. (Germantown, NY). Radiolabeled indinavir (1.5 mg/kg, sp act 8.5 mCi/mmol), nelfinavir (3 mg/kg, sp act 34 mCi/mmol), or saquinavir (2 mg/kg, sp act 20.3 mCi/mmol) dissolved in ethanol/0.9% saline solution in a total volume of 2.1 l/g of body weight was separately injected intravenously, over 10 min into the tail vein of groups of three mice. After 4 h, the animals were anesthetized using isofluorane (IsoFlo; Abbott Laboratories, Abbott Park, IL) and blood was completely removed by orbital bleeding. The mice were then killed and the harvested tissues were weighed and homogenized with 4% (wt/vol) bovine serum albumin. Total radioactivity was determined after the addition of 100 l of plasma or tissue homogenate (500 l) to vials containing 4 ml of ScintiVerse scintillation fluid (Fisher Scientific Co.). The contents of the small intestine and colon were removed before homogenizing and were blotted with filter paper to remove any blood. After oral administration (6 mg/kg) of each radiolabeled drug using gastric intubation (vol 3.5 l/g of body weight), an orbital blood sample was obtained at 4 h and plasma radioactivity was determined as described. The protocols for the animal experiments were approved by Vanderbilt University Animal Care Committee, and they were cared for in accor- 
Results
Immunoblot analysis of P-glycoprotein expression using the mAb anti-P-glycoprotein C219 revealed that L-MDR1 cells expressed high levels of P-glycoprotein, while the parental cell line, LLC-PK1, showed little if any detectable P-glycoprotein (Fig. 1) . Caco-2 cells, however, had a readily detectable, but significantly lower amount of expressed P-glycoprotein than L-MDR1 cells (Fig. 1) .
Indinavir, nelfinavir, and saquinavir cellular translocation was markedly greater when [ 14 C]-labeled drug was administered to the basal side of cultured, L-MDR1, and Caco-2 cells and its appearance measured on the apical side (basal-apical) compared to addition of drug to the opposite compartment (apical-basal) (Figs. 2 and 3) . In LLC-PK1 cells, such apicalbasal and basal-apical transport differences were absent for nelfinavir and saquinavir; however with indinavir, a significantly greater basal-apical versus apical-basal transport was observed in LLC-PK1 cells, although the net basal-apical transport was greater in the L-MDR1 cells. Collectively, these data suggest that the HIV-1 protease inhibitors are substrates of P-glycoprotein. Furthermore, the addition of quinidine or PSC-833 to Caco-2 cells markedly reduced the directional transport difference (Fig. 3) .
To determine the importance of P-glycoprotein in the tissue distribution of the HIV-1 protease inhibitors in vivo, total radioactivity was determined 4 h after intravenous or oral administration of radiolabeled drugs to wild-type mice [ mdr1a ( ϩ / ϩ )] and mice in which the mdr1a gene had been disrupted [ mdr1a ( Ϫ / Ϫ )] (8). After intravenous administration, there was a similar pattern of tissue radioactivity for all three agents, with extensive localization in the gastrointestinal tract, liver, kidney, and to a lesser extent in the lung. Also, the brain concentrations of these agents were lower than in any other tissue, and more importantly, were almost 10-fold below those of plasma (Table I and Fig. 4) . Of particular interest, and confirming the role of P-glycoprotein-mediated translocation of the drugs across membranes, was the markedly higher levels of radioactivity of all three drugs seen in the brains of mdr1a ( Ϫ / Ϫ ) mice. This result is noteworthy since plasma radioactivity levels after intravenous administration were similar to those in the control animals. For indinavir and saquinavir, brain levels were 8-10-fold higher than in mdr1a ( ϩ / ϩ ) mice, while in the case of nelfinavir, an almost 40-fold increase was observed (Fig. 4) .
In contrast to the results with intravenous administration, the plasma levels of radioactivity after oral administration were two-to fivefold greater in the mdr1a (Ϫ/Ϫ) mice than in mdr1a (ϩ/ϩ) mice (Table II) . This result strongly suggests that the limitation of systemic availability of these agents is attributable to P-glycoprotein-mediated transport (at the intestinal and/or hepatic level).
Discussion
This study provides two lines of evidence indicating an important role for transporter proteins, and in particular P-glycoprotein, in the disposition of HIV-1 protease inhibitors. First is the observation that their translocation across polarized cells, where the transporter is expressed on the apical surface, is dependent on the direction of vectorial movement, i.e., basal-apical transport is greater than apical-basal. The data using the L-MDR1 cell line are particularly relevant in this respect since these cells differ from the parent and non-P-glycoprotein-containing LLC-PK1 cells (Fig. 1) only by the stable overexpression of the human MDR1 gene. With all three drugs, the difference in transport according to which cell surface was initially exposed was markedly greater when P-glycoprotein was expressed. In the case of nelfinavir and saquinavir transport in LLC-PK1 cells was the same regardless of direction. On the other hand, with indinavir a difference, although reduced, was still present, suggesting the additional involvement of a transporter other than P-glycoprotein. A similar differential transport phenomenon was also observed using a Caco-2 cell line in which P-glycoprotein was constitutively expressed but at a lower level than in L-MDR1 cells (Fig. 1) . Moreover, quinidine and PSC-833, which are well-established inhibitors of P-glycoprotein function at concentrations used in these studies (12, 13) , reduced the magnitude of the directional transport difference (Fig. 3) . Since Caco-2 cells exhibit many of the morphological and biochemical characteristics of the human small intestine (14) , these findings suggest that, along with CYP3A-mediated metabolism by the enterocyte (15), P-glycoprotein limits the oral bioavailability of HIV-l protease inhibitors by transporting absorbed drug back into intestinal lumen (16) . The two-to fivefold higher plasma levels of HIV-l protease inhibitor radioactivity after oral administration in mdr1a (Ϫ/Ϫ) mice support this hypothesis.
The second major line of evidence is based on differences in tissue distribution of the drugs in mdr1a (Ϫ/Ϫ) mice compared to syngeneic animals. This gene knock-out model has provided considerable insight into the role and importance of P-glycoprotein in the disposition of several other drugs (8) (9) (10) . In particular, it has been shown that P-glycoprotein is a critical component of the blood-brain barrier which prevents the ready access of systemic drug to the central nervous system. For example, markedly higher brain levels of ivermectin (100-fold), digoxin (35-fold), and cyclosporine (17-fold) have been found in mdr1a (Ϫ/Ϫ) mice compared to mdr1a (ϩ/ϩ) animals, after their intravenous administration (8, 9) . Accordingly, the 7-36-fold differences observed with the HIV-l protease inhibitors, in the absence of any differences in their plasma concentration, strongly suggest that P-glycoprotein also plays a major role in limiting the drugs' access to the brain. This appears particularly to be the case with nelfinavir. P-glycoprotein is also present throughout the intestinal tract (17) and, therefore, may function to secrete drug in systemic blood into the intestinal lumen (16) . It would therefore be expected that intestinal tissue levels would be elevated in mice with a disrupted mdr1a gene. This probably accounts for the observed trend in the results for the small intestine which, in the case of indinavir, were statistically significant.
In vitro and in vivo studies have indicated that the ability of HIV protease inhibitors to suppress virus replication is dependent on the drug's concentration and this relationship is relatively steep (18) (19) (20) . The demonstrated presence of a substantial barrier to the drug's distribution into brain caused by P-glycoprotein suggests that the ability to achieve therapeutic brain concentrations is limited, creating a potential sanctuary for viral replication. The persistence of central nervous system virus activity may contribute to the adverse neurologic outcome in HIV infection even after effective systemic HIV protease inhibitor administration (21) (22) (23) . Of additional interest is the fact that P-glycoprotein is expressed in ‫ف‬ 5% of CD4 T lymphocytes, a major cellular target for HIV-1 protease inhibitor effect (24) .
An approach to overcoming tumor cell resistance secondary to the overexpression of P-glycoprotein in tumor cells is the use of a chemomodulator to inhibit the efflux pump's activity (12, 13) . In principle, a similar strategy could be applied to HIV protease inhibitor therapy in order to enhance distribution into sites such as the brain and CD4 T lymphocytes, as well as to increase oral absorption. In fact, enhanced brain penetration of the P-glycoprotein substrates, ivermectin and digoxin, after pretreatment with PSC-833 have been reported recently in mice (25, 26) . A complicating factor in the case of protease inhibitors is the likelihood that available modulators of P-glycoprotein activity also have the potential to inhibit the metabolism of HIV protease inhibitors themselves and therefore alter their systemic availability and elimination characteristics. 
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Data are shown as meanϮSD. Statistical difference in radioactivity between the two groups of mice was assessed by a two-sided Student's t test, with P Ͻ 0.05 as the limit of significance. *P Ͻ 0.05, ‡ P Ͻ 0.01.
